Background. Advanced chronic kidney disease (CKD) is associated with altered cerebral structure and function. Relationships between mild-to-moderate CKD and brain morphology and cognitive performance were evaluated in European Americans (EAs). Methods. A total of 478 EAs with estimated glomerular filtration rate (eGFR) > 45 mL/min/1.73 m 2 and urine albumin:creatinine ratio (UACR) < 300 mg/g, most with type 2 diabetes (T2D), were included. Measures of total intracranial volume (TICV), cerebrospinal fluid volume, total white matter volume (TWMV), total gray matter volume (TGMV), total white matter lesion volume (TWMLV), hippocampal white matter volume (HWMV) and hippocampal gray matter volume (HGMV) were obtained with magnetic resonance imaging. Cognitive testing included memory (Rey Auditory Visual Learning Test), global cognition (Modified Mini-Mental State Examination) and executive function (Stroop Task, Semantic Fluency, Digit Symbol Substitution Test). Associations with CKD were assessed using log-transformed eGFR and UACR, adjusted for age, sex, body mass index, smoking, hemoglobin A1c, blood pressure, diabetes duration, cardiovascular disease and education. Results. Participants were 55.2% female, 78.2% had T2D; mean ± SD age 67.6 ± 9.0 years, T2D duration 16.4 ± 6.5 years, eGFR 92.0 ± 22.3 mL/min/1.73 m 2 and UACR 23.8 ± 39.6 mg/g. In adjusted models, eGFR was negatively associated with TICV only in participants with T2D [ parameter estimate (β): −72.2, P =
I N T RO D U C T I O N
Independent of conventional cardiovascular disease (CVD) risk factors, advanced chronic kidney disease (CKD) is associated with cognitive impairment and intracranial small vessel disease on cerebral magnetic resonance imaging (MRI) across all ethnicities [1] . The prevalence of cerebral white matter (WM) lesions and cognitive impairment rises with declining estimated glomerular filtration rate (eGFR) and increasing urine albumin:creatinine ratio (UACR). The kidney-cerebral axis has been studied mainly in patients on dialysis and those with advanced CKD (eGFR < 45 mL/min/1.73 m 2 and UACR > 300 mg/g) through semi-quantitative neuroimaging scales and limited batteries of cognitive function tests [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In addition, differences in brain structures and cognitive function exist in general populations across different race-ethnic groups [12, 13] .
Relatively few studies have evaluated the relationship between early-stage CKD and quantitative measures of cerebral anatomy and cognitive performance in specific ethnic groups. For example, two recent studies involving African Americans (AAs) with type 2 diabetes (T2D) and mild CKD demonstrated significant associations between eGFR and UACR with brain structural changes and cognitive performance [14, 15] . To examine these relationships in non-AAs, a cross-sectional assessment of kidney function was performed in European Americans (EAs) enriched for type 2 diabetes mellitus (T2D) from the Diabetes Heart Study (DHS)-MIND, who were followed longitudinally to evaluate cerebral morphopathology using brain MRI and cognitive performance using neurocognitive tests. Participants were limited to those with an eGFR of ≥ 45 mL/min/1.73 m 2 and low-level albuminuria (UACR ≤ 300 mg/g).
M AT E R I A L S A N D M E T H O D S

Study population
The study sample included self-identified EA DHS-MIND participants. Criteria for recruitment in DHS-MIND study included the presence of ≥2 siblings with T2D per family. When this criterion was met, an additional non-diabetic sibling from each family was recruited when possible. This cohort has been described in a previous report [16] . Analyses excluded non-EA individuals and those with UACR > 300 mg/g and/or eGFR < 45 mL/min/1.73 m 2 . Participants with CVD (prior myocardial infarction, angina, percutaneous or surgical revascularization of coronary or carotid arteries, stroke, transient ischemic attack or carotid artery stenosis) were included. When incident diagnoses of CVD occurred during the study period, they were included in the demographics table and employed in statistical analyses. The Institutional Review Board at Wake Forest School of Medicine (WFSM) approved the protocol, and written informed consent was obtained from all participants.
Data collection
Questionnaires were administered by a trained interviewer and included information on age, sex, level of education, past medical history, current medications and smoking. Systolic blood pressure (SBP), diastolic blood pressure (DBP), height and weight were recorded; body mass index (BMI) was computed. Venipuncture was performed after >12 h of overnight fasting. T2D was ascertained based on physician diagnosis, fasting plasma glucose > 126 mg/dL or use of diabetes medications (insulin and/or oral hypoglycemic drugs). Hemoglobin A1c (HbA1c) was measured by high-performance liquid chromatography at the MRI visit.
Serum creatinine concentrations were determined by the modified Jaffe kinetic method (Beckman AU System) calibrated to isotope dilution mass spectrometry and used to compute eGFR based on the CKD-Epidemiology Collaboration (CKD-EPI) equation [17] . UACR was measured on a morning spot urine sample using the Beckman Coulter AU System colorimetric method. The lower limit of detection of the assay was 5.0 mg/dL; values <5.0 mg/dL were assigned a value of 5.0 mg/dL. The inter-assay coefficient of variance was 4.8%. Albuminuria was assessed at a baseline DHS visit on an average of 6.7 ± 1.6 years (mean ± SD) prior to MRI/cognitive testing. Creatinine and electrolyte concentrations were measured on serum samples collected at the MRI visit and continuously stored at −80°C, except for a single prior thaw. Normalization for serum sodium concentration was performed to adjust for potential effects of the thaw.
Cerebral magnetic resonance imaging (MRI) MRI acquisition. Scans were performed on a 1.5-Tesla (1.5 T) General Electric EXCITE HD scanner with twin-speed gradients using a neurovascular head coil (GE Healthcare, Milwaukee, WI). High-resolution T1 anatomic images were obtained using a 3D volumetric Inversion Recovery SPGR sequence [time to repeat (TR) = 7.36 ms; time to echo (TE) = 2.02 ms; inversion time (TI) = 600 ms; flip angle (FA) = 20 degrees; 124 slices, field of view (FOV) = 24 cm, matrix size = 256 × 256, 1.5-mm slice thickness]. Fluid-attenuated inversion recovery (FLAIR) images were acquired in the axial plane (TR = 8002 ms; TE = 101.29 ms; TI = 2000 ms; FA = 90 degrees; FOV = 24 cm; matrix size = 256 × 256; 3-mm slice thickness).
Image segmentation. Structural T1 images were segmented into gray matter (GM), WM and cerebrospinal fluid (CSF), normalized to Montreal Neurologic Imaging (MNI) space and modulated with the Jacobian determinants (non-linear components only) of the warping procedure to generate volumetric tissue maps using the Dartel high-dimensional warping and the SPM8 new segment procedure as implemented in the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html). Total GM, WM and CSF volumes and intracranial volume (ICV, calculated as GM + WM + CSF) were determined from the VBM8 automated segmentation procedure, which outputs a text file with values for native space total GM, WM and CSF volumes. Additional region of interest (ROI)-based measures were generated for the right and left hippocampus using the automated anatomical labeling (AAL) atlas [18] as implemented in the WFU Pickatlas tool [19] . The AAL atlas hippocampal ROI is not specific to the GM; it encompasses GM, WM and CSF tissue types. The hippocampal ROIs (right and left) were applied to the modulated GM and WM volumetric tissue maps to generate hippocampal GM volume (HGMV) and hippocampal WM volume (HWMV). All volumes were reported in milliliters.
WM lesion segmentation was performed using the Lesion Segmentation Toolbox (LST) [20] for SPM8 at a threshold (k) of 0.25. We previously validated the LST against expert manual segmentation in a sample with T2D, as well identified the optimum threshold in this population [21] . Normalization to MNI space was accomplished by co-registration with the structural T1 and applying the normalization parameters computed in the VBM8 segmentation procedure. The WM lesion volume was determined by summing the binary lesion maps and multiplying by voxel volume.
Cognitive testing
Testing was performed in a quiet room after a light snack. The cognitive battery took ∼45 min to complete. Global cognition was evaluated using the Modified Mini-Mental State Examination (3MSE, score range 0-100) [22] . Verbal memory was assessed using the Rey Auditory Verbal Learning Test (RAVLT), assessing the ability to memorize and retrieve a list of 15 words [23] . Two scores were derived from the RAVLT, the sum of the number of words recalled over the initial five trials (RAVLT Sum) and the number of words recalled after the reading of an interference word list and a 20-min delay (RAVLT Delay). For both measures, higher scores indicate better performance. Executive function was evaluated using the Stroop test, Semantic Fluency and Digit Symbol Substitution Test (DSST). The Stroop test evaluates the ability to view complex visual stimuli and respond to one stimulus dimension while suppressing response to another dimension, an 'executive' skill largely attributed to frontal-lobe function. Higher scores indicate greater degrees of impairment [24] . Semantic Fluency is a verbal fluency test that requires generation of words corresponding to a specific semantic category, such as animals. The number of correct words produced in 1 min is counted [25] . The DSST assesses processing speed, and the measure used was the number of correct responses within 2 min [26] .
Statistical analysis
The mean and standard deviation (SD) for MRI and cognitive test results based on the categories of renal parameters, including CKD-EPI eGFR and UACR, were presented and compared with the use of marginal models incorporating generalized estimating equations (GEE). CKD-EPI eGFR was categorized as eGFR ≥ 90, 60-89 and 45-59 mL/min/1.73 m 2 , and UACR as <10, 10-29 and 30-300 mg/g. Marginal models were also fitted to test for associations between renal disease parameters (independent variables) and quantitative measures of brain volume and cognitive performance (dependent variables). Renal parameters included CKD-EPI eGFR and UACR as continuous variables. Variables derived from brain MRI were total ICV volume (TICV), CSF volume (CSFV), total WM volume (TWMV), total GM volume (TGMV), total WM lesion volume (TWMLV), HWMV and HGMV. CSFV, TWMV, TGMV and TWMLV were adjusted for TICV. Cognitive function variables included 3MSE, RAVLT, Stroop, Semantic Fluency and DSST. If necessary, the appropriate transformation was applied to best approximate the distributional assumptions of conditional normality and homogeneity of variance of the residuals. The natural logarithm transformation was applied to the TWMLV, Stroop measure, eGFR and UACR. Model 1 adjusted for UACR for the eGFR analysis, and eGFR for the UACR analysis. Model 2 added adjustment for age, sex, BMI, smoking, HbA1c, duration of diabetes, SBP and DBP for imaging outcomes, and level of education for cognitive outcomes. To correct for the lapsed time between measurements of kidney function and brain MRI and cognitive testing, the study adjusted for the presence of vascular risk factors including CVD at baseline and at the time of neurologic assessments. Analyses were performed using SAS 9.3 (SAS Inc., Cary, NC). Statistical significance was accepted at P < 0.05.
R E S U LT S
Demographic and clinical characteristics of the 478 study participants from 235 nuclear families are described in Table 1 . The sample was 55.2% female with mean ± SD age 67.6 ± 9.0 years, BMI 31.5 ± 6.6 kg/m 2 and 78.2% had T2D, with diabetes duration 16.4 ± 6.5 years and HbA1c 7. Brain volumes and cognitive test results in the full sample and based on eGFR and UACR are shown in Table 2 , without covariate adjustment. Participants with lower eGFR had significantly higher CSFV (P = 1.5 × 10 −7
) and TWMLV (P = 0.0004), lower TGMV (P = 1.5 × 10 −7
) and HGMV (P = 0.0001), and poorer performance on all cognitive performance tests (P = 3.6 × 10 −6 to 0.0008). Stratified by UACR (<10, 10-29, >30 mg/g), significant differences were not observed in measures of brain volumes on MRI or cognitive performance.
Correlations between brain volumes and cognitive performance as well as demographic and disease characteristics across the cohort are depicted in supplementary materials (Supplementary Table S1 for MRI volumes and Supplementary Table S2 for cognitive testing). Age was significantly associated with higher CSFV (a marker of cerebral atrophy) and TWMLV, lower TGMV and HGMV, and diminished proficiency on all cognitive tests. Female gender was associated with lower TICV and CSFV; higher TGMV, HWMV and HGMV; and better performance on most cognitive tests with lack of association with Semantic Fluency. As in other studies, significant associations between cerebral WM and GM volumes and blood pressure were not observed [27] . Only DBP showed a negative association with CSFV (P = 0.04), and SBP showed a positive association with TWMLV (P = 0.003). There was a negative association between BMI and HWMV (P = 0.05). A direct association was seen between HbA1c and TICV, CSFV, TGMV and TWMLV. Level of education was significantly correlated with performance on all cognitive tests, and active smoking was associated with poorer performance on 3MSE (P = 0.0008) and DSST (P = 0.02). Table 3 contains results of the analysis for brain volume and cognitive testing associations with log-transformed eGFR and log-transformed UACR after adjustment for renal parameters (eGFR analyses adjusted for UACR, and UACR analyses adjusted for eGFR) (Model 1), followed by adjustment for age, sex, BMI, smoking, HbA1c, T2D duration, CVD, SBP and DBP for imaging outcomes, and level of education for cognitive tests (Model 2). Although kidney disease parameters were associated with other brain structural changes, memory and executive function in the unadjusted analysis, 'age' inclusion as a covariate led to loss of significant association; age was the most influential of all covariates in the full model. After full adjustment, associations between eGFR and brain morphologic findings (CSFV, TICV, TGMV, TWMLV, HGMV) and cognition were no longer significant. In the full cohort, albuminuria also did not correlate with brain structure or cognitive performance after full covariate adjustment. As such, age is an important contributor to declining cognitive performance and cerebral anatomy in EA individuals with T2D and eGFR > 45 mL/min/1.73 m 2 . We further analyzed whether there was a differential association between kidney function and brain MRI and neurocognitive testing based on diabetes status (Table 4) . Participants with T2D (n = 374) had no significant correlations between eGFR and brain volumes on MRI, similar to the results in the full cohort. Interestingly, participants without diabetes (n = 104) had negative associations between both eGFR and UACR with normalized TWMLV (eGFR β: −1.0, SE: 0.04, P = 0.01; UACR β: −0.2, SE: 0.07, P = 0.01). Similar to the results in the full sample, cognitive performance did not correlate with renal parameters in diabetes-stratified analyses, except for the positive association between eGFR and 3MSE among non-diabetic participants (β: 5.5, SE: 2.4, P = 0.02). Adjustment reflects UACR for eGFR analysis and eGFR for UACR analysis, plus adjustment for age, sex, BMI, smoking, HbA1c, duration of diabetes, CVD, SBP and DBP for imaging outcomes, and level of education for cognitive outcomes. eGFR, estimated glomerular filtration rate; UACR, urine albumin:creatinine ratio; SD, standard deviation; TICV, total intracranial volume; CSFV, cerebrospinal fluid volume; TWMV, total white matter volume; TGMV, total gray matter volume; TWMLV, total white matter lesion volume; HGMV, hippocampus gray matter volume; HWMV, hippocampus white matter volume; RAVLT, Rey Auditory Verbal Learning Test; 3MSE, Modified Mini-Mental State Examination; Digit Symbol Substitution Test. a Additionally adjusts for TICV.
b Log transformed.
D I S C U S S I O N
In EAs with mild-to-moderate CKD in the DHS-MIND, kidney function parameters revealed different correlations with brain structure based on diabetes status, limited correlations were seen with cognitive performance. The presence of mild-tomoderate loss of eGFR in EAs with T2D correlated with higher TICV, independent of age, smoking, HbA1c, diabetes duration, CVD and blood pressure. In non-diabetic subjects, eGFR decline was associated with lower normalized HGMV, and microalbuminuria correlated with WM lesion volume. In contrast, memory, cognition and executive function were not significantly impacted by mild-to-moderate CKD in diabetic or non-diabetic EAs. This study encompassed a relatively large cohort of EAs with T2D, as well as some non-diabetic individuals; all had earlystage CKD. The results were striking for the lack of significant impact of reduced eGFR (down to 45 mL/min/1.73 m 2 ) and microalbuminuria on cognitive performance or cerebral structure in EAs. In fact, cognitive performance did not significantly correlate with mild CKD based on either eGFR or UACR. These results stand in stark contrast to the strong associations seen between mild CKD and brain structural changes and cognitive performance in AAs; they are also markedly different than results in EAs with advanced-stage CKD. In a cohort comprised solely of AAs with T2D, mean(SD) age 60.2(9.7) years, CKD-EPI eGFR 86.0(23.2) mL/min/1.73 m 2 and UACR 155.8 (542.1) mg/g, eGFR and UACR strongly associated with smaller GM and higher WM lesion volumes, and lower performance on tests of cognition and executive function, with P values between 1.1 × 10 −2 and 1.1 × 10 −5 [14, 15] . Previous studies described associations between microalbuminuria and executive function. However, there are several differences between the previous reports and the present study. In the Nutrition, Aging and Memory in Elders (NAME) Study, although microalbuminuria was associated with poorer executive performance, the study included older subjects (mean age 73 years) and of multiple racial backgrounds (32% AAs) [5] . In the Rancho Bernardo Study, baseline microalbuminuria, but not eGFR, was significantly associated with cognitive functional decline after 6-year follow-up [28] . In the ACCORD-MIND study limited to subjects with diabetes, microalbuminuria was significantly associated with poor performance on RAVLT memory and DSST executive function testing, while eGFR > 60 mL/ min/1.73 m 2 was not associated with measures of cognitive performance [29] . Importantly, both studies involved participants of diverse ethnic backgrounds.
Results from Knopman et al. further emphasize the significance of race-specific effects when examining relationships between kidney function and cerebral structure. The study included 1253 individuals from hypertensive sibships, mean age 64 years, 49% AA, eGFR >60 mL/min/1.73 m 2 , and a small percentage with microalbuminuria, and showed that UACR was associated with increased WM hyperintensities in AAs and EAs, and with increased risk of brain atrophy only in AAs [30] .
In the present study, eGFR > 45 mL/min/1.73 m 2 was negatively associated with TICV in participants with T2D. In prior studies, eGFR correlated with TWMV and TWMLV and with cognitive impairment. Of note, the present study contrasts with previous reports that included predominantly elderly and non-diabetic populations with more advanced CKD (eGFR < 60 mL/min/1.73 m 2 ) and binary outcomes of brain atrophy and WM lesions, as opposed to quantitative measures of brain volume [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The DHS-MIND population was enriched for participants with 16-year mean T2D durations; diabetes increases the risk for cognitive decline and alterations in cerebral WM [31, 32] . It, therefore, remains possible that DHS-MIND participants had cerebral structural and functional changes relating to T2D and that incipient kidney disease did not increase the risk for brain morphological changes.
Japanese subjects with fewer CVD risk factors (lower BMI, shorter T2D duration, fewer hypertensives and fewer smokers) with preserved kidney function (eGFR > 60 mL/min/1.73 m 2 ) had significant correlations between microalbuminuria and cerebral WM lesions [33] . In our study in EAs, microalbuminuria was negatively associated with TWMLV only in the small sample lacking diabetes; as such, paradoxical results likely relate to the small sample. In contrast, microalbuminuria has strong correlations with several brain morphologic changes in AAs: CSFV (P = 0.02), TGMV (P = 0.03), TWMLV (P = 5.0 × 10 −4 ) and HWMV (P = 1.6 × 10 −4 ) [14] . Differences in brain morphology and function are also observed in general populations based on race/ethnicity, with AAs reportedly having smaller brain volume and higher TWMLV burden [12, 34] , higher incidence of ischemic strokes, [35] and more cognitive decline [36, 37] after controlling for vascular risk factors (age, smoking, diabetes, hypercholesterolemia, hypertension) and education. Moreover, vascular risk factors were found to be associated with poorer cognitive function in AAs, but not in EAs [13] . Mechanisms underlying the relationship between kidney disease and brain structural and functional changes are complex [38] . Cerebral microvascular diseases may contribute to vascular cognitive impairment with a continuum of disorders ranging from mild impairment to dementia [39, 40] . Albuminuria, even at levels within the 'normal' range, is a biomarker of vascular endothelial dysfunction with adverse CVD outcomes [41] . In the HOORN study, microalbuminuria was associated with maladaptive arterial remodeling and impaired arterial flow-mediated vasodilatation due to endothelial dysfunction [42] . Damage to the endothelial glycocalyx may lead to increased capillary wall permeability, albuminuria [43] and impaired cerebral and coronary microcirculations [44] . Research has emerged showing a biologic relationship between regional brain size in the hippocampus [36] and WM hyperintensities [45] with cognitive performance. Based on our results, it is conceivable that cerebral structural changes might precede changes in cognitive function in EAs with early-stage CKD.
This study has several strengths. To our knowledge, this is the first study to concomitantly delineate brain structural and cognitive measurements in mild-to-moderate CKD. We exclusively evaluated EAs, reducing the confounding factor of race/ ethnicity. Prior reports often lacked detailed brain imaging and cognitive testing in individuals with mild degrees of nephropathy. Rather than using subjective rating scales, brain imaging in the present study utilized quantitative techniques to determine volumes and WM lesion burden. This study also has limitations. Our analyses cannot determine causality between renal variables and brain volume or cognitive performance given the cross-sectional design. In addition, measurement of albuminuria was based on a single spot urine sample, although this method correlates well with 24-h urine albumin excretion and is widely utilized [46] . Given enrollment of EAs and enrichment for T2D, results may not be fully generalizable to non-diabetic subjects and other racial/ethnic groups. In addition, serum creatinine concentrations were measured using the Jaffe method, whereas enzymatic methods are preferred for the CKD-EPI eGFR equation.
In conclusion, in EAs with T2D and mild-to-moderate CKD (eGFR > 45 mL/min/1.73 m 2 and UACR <300 mg/g), kidney function parameters were not significantly associated with striking changes in brain structure or cognitive performance. These results contrast markedly with those reported in nonEuropean populations and support the need for studies linking kidney disease with changes in cerebral structure and cognitive performance in different racial groups.
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